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Abstract

Butyrylcholinesterase (BChE) is the major acetylcho-
line hydrolyzing enzyme in peripheral mammalian
systems. It can either reside in the circulation or adhere
to cells and tissues and protect them from anticholin-
esterases, including insecticides and poisonous nerve
gases. In humans, impaired cholinesterase functioning
is causally involved in many pathologies, including
Alzheimer’s and Parkinson’s diseases, trait anxiety,
and post stroke conditions. Recombinant cholinester-
ases have been developed for therapeutic use; there-
fore, it is important to follow their in vivo path, loca-
tion, and interactions. Traditional labeling methods,
such as fluorescent dyes and proteins, generally suffer
from sensitivity to environmental conditions, from
proximity to different molecules or special enzymes
which can alter them, and from relatively fast photo-
bleaching. In contrast, emerging development in synthe-
sis and surface engineering of semiconductor nano-
crystals enable their use to detect and follow molecules
in biological milieus at high sensitivity and in real time.
Therefore, we developed a platform for conjugating
highly purified recombinant human BChE dimers
(rhBChE) to CdSe/CdZnS quantum dots (QDs). We
report the development and characterization of highly
fluorescent aqueous soluble QD-rhBChE conjugates,
present maintenance of hydrolytic activity, inhibitor
sensitivity, and adherence to themembrane of cultured
live cells of these conjugates, and outline their advan-
tageous features for diverse biological applications.
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B
utyrylcholinesterase (BChE) is a serine hydro-
lase which degrades the neurotransmitter acetyl-
choline (ACh) and is thus involved in the regu-

lation of cholinergic signaling (1-4). BChE functions in
both the brain and peripheral systems of all vertebrates,
where it adheres to cholinergic synapses and neuromus-
cular junctions (5-10). BChE is a key natural protector
from poisonous anticholinesterase agents, and carriers
of debilitated BChE mutants show hypersensitivity to
both anticholinesterase therapeutics (11) and agricul-
tural insecticides (12, 13). BChE further appears to
contribute to lipoprotein metabolism (14) and cellular
adhesion (15).Correspondingly, impairedBChEfunction-
ing is presumably involved inmany pathologies, including
Alzheimer’s (16-18) andParkinson’s diseases (19, 20) and
trait anxiety (21, 22). Therefore, numerous studies are
done to reveal BChE’s in vivo path, location, and inter-
actions, and recombinant BChEs have been developed
for research and therapeutic use (18). To detect and track
BChE molecules in biological milieus at high sensitivity
and in real time, an appropriate platform is needed. The
use of fluorescent dye labeling to track BChE for ther-
apeutic and biological applications highlighted BChE
interactions as being an imminent element in the in vivo
roles of this enzyme (23); however, limited photostability
and relatively small nonlinear absorption cross sections
prevented its use for fluorescence labeling in imaging
modalities such as two-photon microscopy (24-26).
Moreover, the traditional labeling methods with fluo-
rescent proteins and dyes generally suffer from sensitivity
to environmental conditions and from proximity to
different molecules and enzymes. Temperature, pH,
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solvent polarity, presence of chloride, or proteases that
can degrade the fluorescent proteins and dyes are only a
few examples of parameters which can affect their
efficiency (26-29). Therefore, we initiated a search for
a more efficient labeling platform which would sustain
the enzymatic and biological qualities required for BChE
research and application purposes.

A new and powerful approach for state-of-the-art
biological and medical research emerges from synthesis
and surface engineering of diverse nanoparticles. Col-
loidal semiconductor nanoparticles, quantum dots
(QDs), enable unprecedented advantages for high sen-
sitivity multilabeling in vitro and in vivo (26, 30, 31).
In comparison to other fluorescent agents, QDs have
the same order of magnitude or even higher quantum
yield (QY) (26, 32), higher molar extinction coeffi-
cients (33, 34), broader absorbance that increases toward
shorter wavelengths, and controlled size-dependent
narrow photoluminescence spectra which allow broad
selectionof the excitationwavelengthand thus separation
of excitation and emission. Moreover, QDs are better
amenable thanother fluorescent agents, fordynamichigh
resolution imagingof intra- and extracellular interactions
in real time, andopennewopportunities fordirect follow-
up of numerous biological processes (30, 31) due to their
higher thermal and photochemical stability which enable
extendeddetection time (35-37). TheQDs canbe surface
coated by polymers (38, 39), silica (40), or organic
ligands (24). The surface coating plays a crucial role in
the biocompatibility of the QDs. It determines the stabi-
lity of the QDs in different pH conditions and salt
concentrationsbyelectrostatic repulsion, steric exclusion,
or a hydration layer on the surface which prevent
aggregation (41-43), affect their fluorescence QY due
to electronic passivation, and may reduce their cytotoxi-
city (42).Moreover, the surface coating candetermine the
conjugation between the QDs and the biological mole-
cules because the conjugation process depends on the
chemical and physical properties of both of them. Dif-
ferent chemical groups on protein surfaces as well as on
the surface coating of the QDs enable use of diverse
bioconjugation techniques which can be classified by
their nature and strength.Themajor techniques are direct
conjugation, affinity based ligand-receptor conjugation,
and electrostatic and covalent conjugation. Direct tech-
niques include conjugation of the biomolecule directly to
the QDs’ metals as a ligand, for example, conjugation of
nucleic acids modified with thiol groups (44) or peptides
modified with cysteines (45) that have high affinity to the
QDs.This conjugationprocedure is usedmostly for small
biomolecules which are easily modified. For bigger
molecules, affinity based ligand-receptor conjugation,
using QDs-antibody for specific site binding (24) or use
of QDs-avidin for the recognition of biotinylated bio-
molecule (46), is the most specific technique. However,

these mediate molecules which provide specificity to the
bioconjugates are also responsible for their disadvantages:
enlargement of the distance between the QDs and the
biomolecule and magnification of the bioconjugates size.
These may interfere with experiments involving intracel-
lular delivery or fluorescence resonance energy transfer.
An easy alternative if possible is electrostatic conjugation,
which can be used when the biomolecule has a strong
global charge that can direct its binding to an oppositely
charged surface-coated QD (47). However, there may be
limitations to this straightforward conjugation approach.
Sometimes, the binding interaction is not strong enough
under physiological conditions. In these cases, covalent
conjugation can be used, where a covalent bond is created
between special chemical groups on the QD surface and
on the biomolecules with or without homobifunctional
or heterobifunctional cross-linker (48).

Evengiven thiswide range of conjugation techniques,
the dependence on the protein solubility and function as
well as on the colloidal stability of the QDs in different
environmental conditions limits the feasible conjugation
routes. These constrains are enhanced when dealing
with labeling of enzymes, where maintenance of cataly-
tic activity and susceptibility for inhibition is sought or
when toxicity should be taken into account. For these
reasons, the preparation of QD-labeled enzymes must
be specifically designed for each enzyme independently
and should span both catalytic activity and toxicity
tests.

Herewe report the development and characterization
of QD-rhBChE conjugates. Conjugation of highly puri-
fied recombinant human BChE (rhBChE) dimers to
QDs was selected since the resultant QD- rhBChE con-
jugates are amenable for in vitro and in vivo imaging as
well as for use as biosensors.

Results and Discussion

CdSe/CdZnS core/shell semiconductor nanocrystal
QDs were prepared by modification of a previously de-
scribed synthesis protocol (49) andwere initially capped
with trioctylphosphine oxide (TOPO) and oleic acid
(Supporting Information). An emission spectrum
with a peak at 626 nm (Figure 1A) was detected for
these QDs, with a high fluorescence QY of 60-70% in
toluene. Their size, asmeasured in transmission electron
microscopy (TEM) images, revealed a narrow size dis-
persion and overall diameter of 10 ( 1 nm (N =300
particles, Figure 1B). To render the NPs useful for
biological labeling, we used ligand exchange to trans-
form the coating of the NPs from hydrophobic to hy-
drophilic. We selected mercaptopropionic acid (MPA)
as the working ligand and performed ligand exchange
following modification of a previously described proto-
col (44, 50). The fluorescence QY in water was only
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slightly reduced from that within the organic solvent,
typically by 10%.

Conjugation and Characterization of the QD-
rhBChE Conjugates

About 25%of the native BChEweight is contributed
by nine asparagine-linked carbohydrate chains per sub-
unit (51). The terminal carbohydrate is the negatively
charged sialic acid, with 72 sialic acids per tetramer yield-
ing an isoelectric point of approximately 4 for native
BChE.However, in our study, we conjugated by adsorp-
tion to the QDs in water, highly purified recombinant
human BChE dimers (rhBChE) produced in the milk of
engineered goats. This protein carries far less sialic acid
residues than the native protein, and its negative charge
is hence considerably lower (52). The adsorption was
enhanced when the working pH was reduced. However,
at pH< 5.5, the QDs tend to aggregate due to the pro-
tonation of the thiolate ligands, which limits the repul-
sive force between them. Based on these considerations,
a straightforward conjugation procedurewas developed
in which rhBChE dimers were adsorbed to the QDs
in triple distilled water (TDW, pH=6). Following this,
the conjugated system was characterized by various
methods. First proof for the effective conjugation of the
QDs to rhBChE was obtained by electrophoresis of the
conjugation products under nondenaturing conditions in
agarose gels. Additionally, this gel electrophoresis proce-
dureprovidedmeans to separate between conjugatedand
nonconjugated components and characterize the proper-
ties of these QD-rhBChE conjugates. Two distinct fluo-
rescing QD bands were readily observed under exposure
of the gel toUV light (312nm),whereas loading these gels
with unconjugated QDs alone showed a single major
band. This provides evidence that a major fraction of the
QDs was effectively conjugated to the rhBChE dimers.
Supporting this observation, QD-rhBChE prepared using
a 1:10 QDs-rhBChE ratio yielded a narrow and sharp

bandwith a slowermigration profile than that of theQDs
band (Figure 2A), apparently due to the smaller charge
to size ratio. Also, a QDs-rhBChE excess ratio (over 2:1)
yielded a smeared band which migrated at a range span-
ning both the conjugates and the QD bands (Figure 2B),
providing a coarse estimation of the ratio between con-
jugated and nonconjugated QDs in the sample.

During this analysis,we found that the hydrolytic activ-
ity of rhBChE is sensitive to the UV exposure (312 nm,
0.02 W/cm2) used for these detections (Supporting
Information). To selectively detect possible reductions
caused by the conjugation itself, we ran a reference
sample in a parallel lane on the gel andavoided exposing
this lane to theUV light.UV-exposed samples served for
detection purposes, whereas unexposed samples from
the reference lanewere employed for the following steps.

Direct visualization of the QD-rhBChE conjugates
involved TEM analysis following positive staining with
uranyl acetate (Figure 3). Uranyl acetate staining yields
high contrast in the protein part of the conjugates.
The images show the presence of two segments with dif-
ferent contrast, a dark one corresponding to theQDand
a lighter one corresponding to the stained rhBChE. This
directly demonstrated the presence of 1:1 QD-rhBChE

Figure 1. Characterization of the CdSe/CdZnS QDs. (A) Absor-
bance (red) and emission spectra (black, dashed line) of the QDs in
toluene. The excitation and emission peaks were at 610 and 626 nm,
respectively. (B) TEM image of the QDs with average size of 10 (
1 nm in diameter.

Figure 2. UV fluorescence of slowly migrating electrophoretically
separated QD-rhBChE conjugates. (A) QD-rhBChE conjugates
prepared under conditions of rhBChE excess. Note slow migration
compared to unconjugated QD controls. (B) QD-rhBChE conju-
gates prepared under QDs excess. Note smeared fluorescent band
including both conjugates and free QDs.

Figure 3. TEM images of QD-rhBChE conjugates. (A) Positive
staining with uranyl acetate of QD-rhBChE 1:1 conjugates. (B)QD-
rhBChE conjugates in a different field on the grid. The inset is a
magnification of one of the conjugates; the dark area is the QD,
while the lighter area is rhBChE.
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conjugates. No such conjugates were seen in control
samples of QDs or rhBChE alone. Antibodies, alone or
conjugated to metal NPs, are often used to obtain addi-
tional, independent identification of electrophoresis and
TEM studied proteins. However, in the current electro-
phoresis experiments, we used a pure recombinant pro-
tein and employed catalytic activity measurements with
all of the relevant controls to confirm that the extracted
protein was rhBChE. Also, in the TEM study, we were
concerned that antibody labeling would have hampered
the ability to extract information fromtheTEMpictures
due to the limited resolution offered by this method.
Thus, the diameter of the bound protein was estimated
from the image to be close to 10 nm, smaller than the
diameter of antibodies and compatible with the crystal-
lography findings (53).

The conjugation process involved specific pH and
salt concentrations which are different from those of the
physiological environment. However, the conjugates
presented satisfactory stability and lack of aggregation
under physiological conditions (0.1MpH7.4phosphate
buffer) for up to 72 h after the gel electrophoresis proce-
dure, highlighting their suitability for extended invitroand
in vivo experiments. Additionally, although our work has
been focused on CdSe-based QDs, the observed conjuga-
tionwas also seenwith InP-basedQDs.This demonstrates
the applicability of this conjugation approach to serve as a
wider platform for diverse kinds of semiconductor QDs.

Catalytic Activity and Inhibition Tests
One of the issues in the use of unspecific site conjuga-

tion is the possibility that the conjugation will modify
the electric field surrounding the conjugated protein,
interfere with substrate and inhibitor accessibility to the
active site of the enzyme, and prevent its hydrolytic activ-
ity features. To address this issue, the conjugates were
first cleaned from free proteins and ligands. Bands were
cut from the agarose gel and transferred to dialysis bags,
and the samples were extracted by subjecting these bags
to an electric field. The catalytic activity of each extract
was measured by the spectro-photometric Ellman’s as-
say (54) using butyrylthiocholine as substrate of rhBChE
and dithionitrobenzoate (DTNB) as a degradable pro-
dye. The extracted conjugates, but not control extraction
samples from a parallel migrating empty band, nor the
QDs migrating band, showed reproducible catalytic
activity (Figure 4A). This implied that the stable conjuga-
tion products maintained enzymatic activity. To avoid
interaction of the free ligands with the degradable dye, we
compared the catalytic activity in fully loaded conjugates
(10:1QD-rhBChEratio) purifiedbydialysis to thatof free
protein samples. Ellman’s assay measurements showed
50% catalytic activity of that of comparable amounts of
similarly treated free rhBChE (Figure 4B). The reduced
activity could potentially reflect fully maintained activity

ofoneout of the twomonomers in eachdimer, suggesting
that the conjugation involved only one of the subunits.
Alternatively, both subunits may have lost part of their
hydrolytic activity due to the relatively large size of the
QDs and the direct interaction between the QDs and
rhBChE.Of note, the reduction in catalytic activity of the
rhBChE protein may limit its use. Minimization of the
conjugation effect on rhBChE functions might possibly
be achieved using smaller QDs or by covalent conjuga-
tion through molecular linkers that will enlarge the dis-
tancebetween theQDsand the rhBChEmolecules.How-
ever, further experimental validation will be required to
find out if one or more of these steps will sustain higher
catalytic activity of the QD-rhBChE conjugates.

Conjugate Structure and Catalytic Activity
Considerations

After establishing the formation of conjugates and
their enzymatic activity, we next demonstrate further
expansion of the method to other QDs systems and QD
ligands. Conjugation experiments with different QDs
systems such as CdSe/CdS, CdSe/ZnS, and InP/ZnS
core/shell nanocrystals showed similar adsorption to the
rhBChEwhich implies primary dependence on the QDs
surface coating. This allows labeling of rhBChE with
other QD systems that can have emission peaks in
desirable wavelengths, and in particular in the near-
infrared which is important for in vivo experiments due
to tissue absorbance in the visible range. This can also
allow the use of QDs without cadmium that can be
toxic to the biological systems and enables labeling with

Figure 4. QD-rhBChE conjugates maintain catalytic activity. (A)
Extract from the conjugate band but not the extract from a similarly
migrating empty band of rhBChE sample or the QDs band showed
catalytic activity. Y axis: Arbitrary units of spectrophotometric
absorbance. (B) Catalytic activity of conjugates prepared with
excess of QDs over rhBChE was 50% of that of free rhBChE
subjected to the same process. Control samples with QDs alone did
not show any catalytic activity.
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semiconductor nanoparticles of different sizes and
shapes, potentially limiting the reduction in catalytic
activity of these QD-rhBChE conjugates. Adsorption
being affected by pH implies that electrostatic forces
play important role in the conjugation. Of note, insight
on the adsorption site which is crucial for maintaining
the enzymatic activity and inhibitor susceptibility may
be obtained from evaluation of the charge distribution
on the rhBChE surface taken from its protein database
(PDB: 2pm8) (53).Marking thebasic andacidic residues
on rhBChE surface in blue and red, respectively, identi-
fied a positively charged domain far from either the
dimerization or the catalytic sites (Figure 5). We may
infer that the negatively charged QDs will adhere pre-
ferentially to this positive site on rhBChE surface. This
model does not take into account the nine BChEs’
glycosylation sites which contribute negative charged
carbohydrate chains. However, rhBChE in comparison
to serum BChE is underglycosylated and its carbohy-
drate chains are less charged (52); therefore, the glyco-
sylation effect is minimized.

Our experiments with different mercaptocarboxylic
ligands imply that the presence of negative carboxylic
groups on the QDs surface provide effective binding to
the protein. This was well demonstrated by conjugation
of QDs with glutathione as a ligand to rhBChE using a
similar procedure aswith theMPA ligand.Glutathione-
coated QDs maintain a higher fluorescence QY, have
colloidal stability in wider pH range and salt concentra-
tion in comparison to MPA coated QDs, and are more
biocompatible (42, 43, 55-57).

After the conjugation, the QD-rhBChE conjugates
were subjected to hydrolytic activity and inhibitor sus-
ceptibility tests. Fractions were separated by gel electro-
phoresis and extracted from the gel by dialysis. Activity
was determined following 20 min preincubation with
or without 0.5 mM paraoxon, the metabolite of the
pre-insecticide parathion. Ellman’s assaymeasurements
showed reduction of 90% and 80% in the catalytic
activity of treated free enzyme or QD-rhBChE conju-
gates, in comparison tomatched untreated preparations

(Figure 6). These results strengthen the conjecture that
the active site gorge, to which both the substrate and the
inhibitors are attracted (58), is occluded in part by the
QD-bound enzyme.

Labeling BChE-Cell Membrane Interactions
Apart from its hydrolytic activity, BChE is known to

adhere to cell membranes (59, 60), where it terminates
cholinergic signaling (18, 61). It also hydrolyzes ACh in
the circulation, where it is the major cholinesterase (11).
However, viewing BChE-cell interactions traditionally
requires fixation, and to the best of our knowledge this
has not been performed previously in live cell prepara-
tions. BChE is associatedwith endothelial cells aswell as
with glial cells and neurons (4, 62, 63), and debilitated
BChE variants confer added risk of acute ischemic
stroke (64); therefore, to test if the QD-rhBChE con-
jugates maintained this membrane interaction capacity
and view it in live cells, we incubated QD-rhBChE con-
jugates with cultured bEnd.3 mouse brain microvascular
endothelial cells (ATCC number: CRL-2299). The in-
herent fluorescence properties of these QD-rhBChE
conjugates served to examine possible interaction with
the live cell membrane. Briefly, cell samples were in-
cubated inmultiwell plates for 3 h with 10 μL of 100 nM
purified QD-rhBChE, followed by incubation with
Hoechst 33342 (nuclear DNA marker-blue). Confocal
microscopy was then used to localize the QD-rhBChE
on the Z-axis of the labeled cells (Figure 7). Serial

Figure 5. Scheme of the QD-rhBChE conjugates. Adsorption of
rhBChE dimers to CdSe/CdZnS core/shell QDs with MPA as a
ligand. The carboxyl groups on the QDs attract the basic residues
(blue) on rhBChE’s surface. Arrows mark the active site gorge
where ACh gets hydrolyzed.

Figure 6. Paraoxon inhibits QD-rhBChE catalytic activity. (A)
Ellman’s assay measurements showed a decrease of 90% in the
catalytic activity of free enzyme after treatment with paraoxon
(empty squares) in comparison to untreated preparation (full
squares). (B) Ellman’s assay measurements showed a decrease of
80% in the catalytic activity of QD-rhBChE after treatment with
paraoxon in comparison to untreated QD-rhBChE (full circles).
Data shown is mean ( S.E. of triplicates.
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sectionsof these confocal images showedconverging rings
ofQD-rhBChE(red)with increasingZvalues, correspond-
ing to the contourof the cellmembranes. Importantly, only
thosemembranesexposed totheenvironmentwere labeled,
whereas those separating between adhered cells remained
unlabeled (Figure 7). This observation demonstrated that
the QD-rhBChE conjugates maintained their capacity to
interact with the cell membrane but did not penetrate the
membrane. Moreover, MTT cell viability assay demon-
strated that the volume and concentration of the QDs
thatwereused inour experimentsdidnot cause cell death,
consistent with previous cytotoxicity tests of similarly
composed QDs with MPA as surface coating (65).

Conclusion

In this study, we introduce a general method for QD
labeling of rhBChE based on adsorption. This labeling
yields a stably labeled, catalytically active and inhibitor
sensitive rhBChE with the advantage that QD labeling
can offer longer photostability, lower sensitivity to the
chemical environment, better suitability for different
optical measurements, and the possibility to follow the
dynamics of this protein’s interaction with the cell mem-
brane in live cells, to name a few. These advantagesmake
these conjugates suitable for use in studies addressing
key biological questions in ways that were not available
before, may hopefully yield better understanding of the
underlying mechanisms of diseases with which BChE is
associated, and open new venues to improved applica-
tions for diagnosis, treatment, and prevention modal-
ities for such diseases.

Methods

Reagents
Mercaptopropionic acid (MPA), potassium hydroxide,

anhydrous toluene, Trizma base, S-butyrylthiocholine iodide

(BThCh), 5,50-dithio-bis(2-nitrobenzoic acid) (DTNB), acetic
acid, methanol, uranyl acetate, paraoxon, dialysis tubing cel-
lulosemembrane, andL-glutaminewereobtained fromSigma.
Highly purified recombinant human BChE was from Phar-
mathene. Tissue culture medium and reagents were fromBio-
logical Industries. Agarose-electrophoresis grade gel was from
Invitrogen. Chloroformwas fromBio-RadLabratories. EDTA
was from J.T. Baker.

Optical Characterization
Absorbance spectra were measured using a JASCO V-570

UV-Vis-NIR spectrophotometer. Photoluminescence experi-
ments were performed using 500 nm for excitation wavelength
with a Cary Eclipse fluorometer (Varian Inc.). The fluores-
cence QY of the nanocrystals was determined in toluene and
aqueous solutions at room temperature by comparing their
integrated emission to that of the organic fluorophore rhoda-
mine 640 perchlorate dye in methanol solutions, with equal
optical density at the excitation wavelength. The QY values
were corrected for the differences in the refractive indices.

Ligand Exchange
MPA stock solution was prepared by mixing 40 μL of

MPA (4.59� 10-3 mol) with 1 mL of methanol and 50 mg of
potassium hydroxide. A total of 100 μL of MPA stock solu-
tion was added to 1 mL of QDs in chloroformwith an optical
density of 1.5, and the solution was mixed. The chloroform
solution flocculated and became turbid.Anamount of 1.5mL
of basic TDW (pH 11-12) was added to the flocculent solu-
tion, which was mixed again. QDs were then extracted from
the water phase.

Conjugation Procedure
Conjugationwas attainedbymixing 1μgof rhBChEdimers

(170 kDa) with QDs for 2 h in TDW (pH = 6, 200 μL final
volume). The stoichiometry ratio for QD-rhBChE in the text
refers to QDs per rhBChE dimer molecule.

Gel Electrophoresis
Samples were run on 0.5% agarose gel (Invitrogen) in

20mMtris-acetate and 0.5mMEDTAbuffer (TAE). Bands
were observed by exposure to UV light using a gel docu-
mentation system (UVIdoc GAS 9000 version 11; UVItec
Limited).

Figure 7. QD-rhBChE conjugates adhere to the membranes of live cells. Shown are confocal microscopy cross section photographs of bEnd.3
microvasculature endothelial cells incubated with QD-rhBChE (red) and with the nucleus marker Hoechst 33342 (blue). Merging of
transmission and luminescence images (upper row) and luminescence images of the QD-rhBChE conjugate (lower row) demonstrate rings of
QD-rhBChE surrounding those cell membranes which remained exposed to the culture environment and converged as going up in the Z-axis.
These results demonstrate that the QD-rhBChE conjugates interact with accessible cell membrane sites.
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Structural Characterization
TEM measurements were carried out on QDs and QD-

rhBChE conjugates using a Tecnai G2 Spirit Twin T-12 trans-
mission electronmicroscope with a tungsten filament running
at an accelerating voltage of 120 keV. Conjugate preparations
were deposited on carbon coated 400-mesh copper grids cov-
ered with a thin amorphous carbon film. QD-rhBChE sam-
pleswere positively stainedwith 2.5%aqueous uranyl acetate.

Enzyme Activity Measurements
rhBChEhydrolytic activity involved adaptation ofEllman’s

colorimetric method(54) to a microtiter plate assay using
S-butyrylthiocholine iodide as a substrate. Ellman’s reagent,
0.5 mL of 30 mM DTNB, and 1.5 mL of 0.1 M phosphate
buffer pH 7.4 were freshly prepared. Samples of 10 μL were
placed in wells of a 96-well microplate followed by 180 μL of
the Ellman’s reagent and 10 μL of substrate (0.5 mmol/L final
concentration). The reaction was monitored using a micro-
plate spectrophotometer reader (SpectraFluor Plus; Tecan
Group Ltd.) for at least 20min at 405 nmwavelength at room
temperature (22.5 �C). For the inhibitor sensitivity test, the
samples were preincubated with 10 μL of 1 mMparaoxon for
20 min in the dark before substrate addition. Reaction rates
were assessed from the linear portion of the reaction curves as
changes of absorbance per minute. At each time interval,
values were calculated separately for each sample in compar-
ison with its own baseline. All samples were run in triplicate.

Cell Culture
bEnd.3Musmusculusbrainmicrovascular endothelial cells

(ATCC number: CRL-2299, Manassas, VA) were cultured
in a fully humidified atmosphere at 37 �C and 5% CO2 in
Dulbecco’s modified Eagle medium (DMEM) containing
10% each fetal bovine serum (FBS), a mixture of 1% peni-
cillin-streptomycin-amphotericin, and 2 mM L-glutamine.
For confocal imaging, a medium without FBS was used.

Confocal Microscopy Live Cell Imaging
Cells were scanned using the FV-1000 confocalmicroscope

(Olympus, Japan) equipped with an IX81 inverted microscope
and an incubator (LIS, Switzerland) controlling temperature
andCO2 concentration.A 60�/1.35 oil immersion objectivewas
used. QD fluorescence and nuclear staining with Hoechst
33342 was imaged using the 405 nm laser line for excitation
and emission collection with 605-644 nm and 430-470 nm
filters, respectively. Transmitted light DIC images were taken
as well.

Supporting Information Available

Additional materials and methods which include the chemi-
cals used, the synthesis of QDs, toxicity measurements, and
UV light effect on rhBChE catalytic activity. This material is
available free of charge via the Internet at http://pubs.acs.
org.
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